Abstract To investigate the influence of a surface ice lid on the optical properties of a melt pond, a radiative transfer model was employed that includes four plane-parallel layers: an ice lid, a melt pond, the underlying ice, and the ocean beneath the ice. The thickness H s and the scattering coefficient σ s of the ice lid are altered. Variations in the spectral albedo α λ and transmittance T λ due to H s for a transparent ice lid are limited, and scattering in the ice lid has a pronounced impact on the albedo of melt ponds as well as the vertical distribution of spectral irradiance in ponded sea ice. The thickness of the ice lid determines the amount of solar energy absorbed. A 2-cm-thick ice lid can absorb 13% of the incident solar energy, half of the energy absorbed by a 30-cm-deep meltwater layer below the lid. This has an influence on the thermodynamics of melting sea ice. The color and spectral albedo of refreezing melt ponds depend on the value of the dimensionless number σ s ·H s . Good agreement between field measurements and our model simulations is found. The number σ s ·H s is confirmed to be a good index showing that the influence of an ice lid with σ s ·H s < 0.5 is negligible. This criterion can be easily performed during field observations through visually judging whether the ice lid has significantly changed the color of liquid melt ponds or not.
Introduction
Melt ponds on the surface of Arctic sea ice have attracted considerable attention because of their important role in explaining the rapid decline of Arctic sea ice in recent decades (Holland et al., 2012; Schröder et al., 2014) . Research has been conducted on this topic via field observations, remote sensing, and numerical modeling. For example, algorithms retrieving melt-pond fraction from satellite observations have been developed to investigate the spatial and temporal distributions of melt ponds on Arctic sea ice in recent decades (Istomina et al., 2015; Rösel & Kaleschke, 2012) . Albedo and transmittance of melting sea ice have been observed in field investigations, which reveal the important role of melt ponds in the partitioning of incident solar energy in sea ice and upper ocean in summer (Katlein et al., 2015; Light et al., 2015) . Physical processes during melt-pond formation and evolution have been explored to determine their influence mechanisms on sea ice melt (Polashenski et al., 2012 (Polashenski et al., , 2017 .
In these studies, melt ponds are defined as collections of open meltwater spots in depressions on ice surface, which is consistent with what we usually see on Arctic sea ice surface in summer ( Figure 1a ). However, melt ponds can be covered by a thin ice lid even during midsummer because of strong radiative or turbulent heat losses. Thin ice lids are difficult to detect visually (Figure 1b) . Some lids melt back due to return of a positive surface heat balance, but others remain frozen and become thicker, together with gradual changes in the visual appearance (Figure 1c) . If a scattering surface layer forms or snow accumulates on the ice lid, the optical characteristics of the refrozen melt pond will be totally different from open ones (Figure 1d ).
For a very thin ice lid (2-3 cm), when it is difficult to detect remotely from photos, one can ignore its influence on the melt-pond albedo (Malinka et al., 2018) . However, thicker ice lids pose an important impact on the energy and mass balance of melt ponds and sea ice below. Using a conceptual 1-D model of melt pond freezing, Bogorodsky et al. (2006) showed that when melt ponds are explicitly included, the impact on sea ice growth can reach several tens of centimeters in the autumn months, depending on the salinity and depth of the meltwater. A numerical simulation, which considered the heat and salt balances in the ice lid, trapped pond, and underlying ice, revealed that pond water under ice lids becomes a storage of latent heat that is released during refreezing (Flocco et al., 2015) . Liquid water may survive for over a month, and until the pond has frozen completely there is only minimal ice growth at the base of the sea ice. Field observations of refreezing melt ponds by Marchenko et al. (2009) showed that the ice lid was fresh and clear, but the underlying ice was very porous and friable up to depths of 50 cm below the bottom of the ponds.
However, to the authors' knowledge, any quantitative criteria on the threshold between a thin and thick ice lid are still absent in regard with the optics of melt ponds. Understanding the influence of ice lids on the energy budget and mass balance of sea ice with refreezing melt ponds is thus worth further investigation. For example, changes and impacts of the inherent optical properties (IOPs) of the ice lid are not known well. To address these issues, a radiative transfer model (RTM), initially developed to parameterize melt-pond albedo (Lu et al., 2016) , has been modified to contain an ice lid and employed in the current study. In recent years, we have carried out a series of studies on Arctic melt ponds. Our focus was first on the model construction (Lu et al., 2016) and then on a better understanding of how solar radiation is partitioned in melting sea ice . Thereafter, we looked for any dependence of melt-pond color on ice thickness ).
In the current study, the focus is on the impact of the ice lid on the light transfer and vertical distribution of solar energy in ponded sea ice. The influence of eventual snow cover is not explicitly (Istomina et al., 2016) . The curves of spectral albedo α λ in (d) correspond to the melt ponds in (a-c). Details of the optical measurements refer to section 4.1. λ is the wavelength. H p is the melt-pond depth, and H s and H i are the thickness of surface lid and underlying sea ice. considered, although the thicker is the ice lid, the greater is the probability of snow accumulated on top (Lei et al., 2018) . We examine the bare ice lid case because snow cover would always bring a major change to ponded sea ice and would be easy to observe. Any further criteria to distinguish such difference are not necessary. Many thermodynamic and optical modeling studies of refreezing melt ponds also neglected the effect of snow cover to simplify the problem and exclude additional parameters of snow properties (e.g., Bogorodsky & Marchenko, 2014; Flocco et al., 2015) . Moreover, field observations have revealed that snow cover on refreezing melt pond tends to redistribute due to wind drift leading to snow accumulation along the boundaries of melt ponds in summer, leaving the central parts snowless (Bogorodsky et al., 2006) . Below, the framework of the RTM is summarized briefly in section 2. In section 3, we investigate the influences of the properties of ice lids on the apparent optical properties (AOPs) of melt ponds, the vertical distribution of radiation in melting sea ice, and the color of refreezing ponds. Validation of our model is performed using field observations, and a discussion of the heat balance of melt ponds is presented in section 4. Conclusions are drawn in section 5.
Model Setup
An ice lid layer has been added on top of the melt pond in the spectral RTM of open surface melt ponds developed by Lu et al. (2016) . As such, sea ice with refreezing melt ponds can be simplified to comprise four plane-parallel layers: an ice lid, liquid melt pond, underlying ice, and ocean water beneath the ice, without considering horizontal inhomogeneities. In each layer, radiation transfer is given by two streams: upwelling F ↑ (z, λ) and downwelling F ↓ (z, λ) irradiance, where z is the depth within each layer (rather than that of the entire medium) and λ is the wavelength. In this study, we consider wavelengths covering most of the solar spectrum, from λ 1 = 300 nm to λ 2 = 2500 nm with spectral resolution of 1 nm. Irradiance is governed by two coupled first-order differential equations, which describe how irradiance is lost due to absorption, and lost and gained due to scattering, under the assumptions of diffuse incident solar radiation and isotropic scattering (Flocco et al., 2015) . Given the continuity of radiation flux at each interface, the irradiance from both directions in each layer is calculated as well as the surface albedo α λ and transmittance T λ .
A two-stream approximation is employed instead of a more advanced RTM such as the Monte Carlo method (e.g., Light et al., 2003; Podgorny et al., 2018) . This is because the two-stream model is mathematically straightforward, and an analytical solution is available for model validation and interpretation. Moreover, some studies have revealed that the results of the two-stream RTM agree well with field measurements of Arctic sea ice in summer (Flocco et al., 2015; Taylor & Feltham, 2004) . The drawbacks are the assumptions of diffuse incident solar radiation and isotropic scattering in the ice. The former assumption is not a major issue in Arctic summer because the sky is often covered with low stratus clouds (Perovich, 1990) , but it clearly restricts the type of field observations that can be compared with model simulations and also prohibits the usage of satellite optical data for model validation. The isotropy assumption is also not badly biased for melting sea ice, because the geometric structure of porous sea ice becomes more irregular, which favors isotropic scattering in the ice (Leppäranta et al., 2003) .
The IOPs are the wavelength-dependent scattering coefficient σ λ and the absorption coefficient k λ . The absorption coefficient of sea ice is calculated as the weighted average of pure ice (k λ,i ) and brine pockets (k λ,w ), that is, k λ,i = ν pi ·k λ,pi + ν bp ·k λ,w (Perovich, 1996) . Based on combinations of the volume fractions of pure ice ν pi and brine pockets ν bp from field measurements, it is seen that k λ,i can vary by ±20% (Huang et al., 2013) ; hence, the average is defined as the absorption coefficient of Arctic sea ice in summer (Figure 2 ). Scattering in meltwater and in the ocean beneath the ice is neglected (σ λ,w = 0), which has been shown to be valid for melt ponds shallower than 1 m (Podgorny & Grenfell, 1996) . The scattering coefficient of sea ice is independent of wavelength, and a value of σ i = 2.5/m was promoted by Lu et al. (2016) for summer Arctic sea ice. . Default values used in our model of the normalized incident solar irradiance F 0 /Q sw (dashed line) and the absorption coefficient k λ of clean water, pure ice, and sea ice (solid lines). F 0 (λ) represents the mean value for an overcast sky at noon in August (Grenfell & Perovich, 2008) . The absorption coefficient of sea ice is calculated as k λ,i = ν pi ·k λ,pi + ν bp ·k λ,w , which is based on the volumetric fractions ν pi > 60% and ν bp < 20% obtained from field observations in Arctic summer (Huang et al., 2013) . The gray zone denotes the range of k λ,i , and the black line defines its mean. The k λ,w data are taken from Kou et al. (1993) and Smith and Baker (1981) , while the k λ,pi data are from Grenfell and Perovich (1981) and Warren and Brandt (2008) .
The mean incident solar irradiance F 0 (λ) under overcast sky conditions at noon in August, where the solar disk was not visible (Grenfell & Perovich, 2008) , is employed to represent Arctic summer. A sensitivity study on F 0 is ignored here because model simulations showed that variations in melt-pond albedo and transmittance due to different values of F 0 are less than 3%, similar with the results in Lu et al. (2016) and . However, the spectral distribution rather than the absolute value of F 0 (λ) is needed when calculating the AOPs. We used the normalized spec- (Figure 2) . A typical case with meltpond depth H p = 0.3 m and underlying ice thickness H i = 1.0 m is employed, which corresponds to first-year sea ice in Arctic summer .
The properties of the ice lid vary widely because the lid may be transparent ice, scattering ice, or even snow-covered ice (Marchenko et al., 2009) . A freshwater ice lid is defined as the default case, corresponding to a typical summer melt pond, which has not yet melted through. The assumed ice lid does not have brine pockets as does the underlying saline ice, but the brine inclusions would not affect the scattering in ice lid very much. Also, their impact on the absorption coefficient is minimal (Lu et al., 2016) . The IOPs of the ice lid are therefore assumed to be the same as those of the underlying sea ice for simplicity. Variations in the IOPs of the ice lid are discussed in the modeling subsequently.
Note that since the absorption and scattering coefficients have the dimension per length, the dimensionless products of layer thickness multiplied by the absorption/scattering coefficient describe the role of the layers in radiation transfer. With an exponential attenuation law, irradiance is attenuated with depth as exp[À(k λ + σ)·z]. The radiation attenuation is often described as the optical thickness or e-folding length, which is the depth where the incident radiation has decreased to the fraction e À1 ≈ 37% of its initial level (Perovich, 1996) . The e-folding length of sea ice increases sharply from 3 m at 300 nm to 30 m at 470 nm, and then drops to 2 m at 700 nm and 0.05 m at 1000 nm ( Figure 2 ). This shows that sea ice is quite transparent in the visible band, while most of the incident solar radiation beyond 1,000 nm is absorbed in the first few centimeters.
Results
According to the model and predefined parameters, the influence of the ice lid on the AOPs of refreezing melt ponds, the radiation distribution in sea ice, and melt-pond color are investigated in this section.
3.1. AOPs 3.1.1. Influence of the Lid Thickness The thickness of the ice lid is the first factor investigated here, which warrants consideration because it varies with the heat exchange between the melt pond and atmosphere. A detailed investigation on the ice lid thickness has been absent so far, and an ice lid of 2-3 cm or thicker on top of melt ponds has always been reported as a common situation in summer (Malinka et al., 2018) . However, we noticed that a refreezing melt pond with a 15-to 20-cm-thick ice lid was observed on August 2005 during R/V Akademik Fedorov cruise (Bogorodsky et al., 2006) , where the air temperature had decreased to À10°С and snow was blown to the boundary of the melt pond. Accordingly, a range of 0-0.2 m was assigned for lid thickness H s , and the resulting variations in the spectral albedo and transmittance of sea ice are shown in Figure 3 . The thicker the ice lid is, the less likely it is to be snow-free, but a sensitivity study needs to include the full range. Compared with open melt ponds (H s = 0), the spectral albedo and transmittance change only little if a 2-to 3-cm-thick ice lid exists, but the differences enhance for thicker ice lids and appear strongly at certain wavelengths ( Figure 3a ). An increase in H s introduces significant increase in α λ from 300 to 1,200 nm. Especially in the 700-900 nm band, a 20-cmthick ice lid can enhance the spectral albedo by more than 0.1 as compared with open ponds (Figure 3b ). Such wavelength-dependent variations in α λ due to H s are consistent with the measurements in Figure 1d , where the difference is larger at longer wavelengths. The impact of H s is much less on T λ than on α λ . Every 5-cm increase in H s reduces the spectral transmittance by only 0.01 in the 300-to 700-nm band ( Figure 3b ). The wavelength dependence is attributed to absorption in ice and water. The band where T λ clearly changes with H s is consistent with the location of peaks in T λ .
There is no radiation beyond 700 nm that can penetrate the sea ice due to the large absorption coefficient of water and sea ice in the near-infrared (NIR) band (Figure 2). Therefore, the most significant changes of α λ lie within 700-900 nm, because most of the incident solar radiation is absorbed by meltwater in an open pond and only a tiny fraction can reach the underlying ice (e-folding length is L~1 m in the 700-to 900-nm band). This light subsequently backscatters and enhances the spectral albedo when traveling through the thin ice lid in a frozen pond. In contrast, most radiation at shorter wavelengths (λ < 700 nm, L > 2 m) can penetrate through the melt pond and is backscattered by the underlying sea ice to air, whether there is an ice lid or not. Moreover, in both cases radiation at longer wavelengths (λ > 900 nm, L < 0.2 m) is absorbed in the first few centimeters, and significant backscattering does not occur.
The wavelength-integrated AOPs were calculated and are shown in Figure 4 . Except for the albedo and transmittance, the fractional solar energy absorbed by the ice lid (Ψ s ), melt pond (Ψ p ), and underlying sea ice (Ψ i ) were also determined according to the definitions presented by . As the ice lid grows from 0 to 20 cm, α increases from 0.30 to 0.34, and T decreases from 0.20 to 0.17. However, it is surprising that Ψ s increases significantly from 0 to 0.13 at H s = 0.02 m, and to 0.2 at H s = 0.05 m, and to 0.3 at H s = 0.2 m, as Ψ p drops from 0.38 to 0.26 at H s = 0.02 m, and to 0.2 at H s = 0.05 m, and to 0.1 at H s = 0.2 m. This is produced by scattering in the ice lid. The net flux to sea ice below the melt pond decreases as the ice lid grows thicker. Ψ i decreases from 0.12 to 0.08, but the change is much less than in the ice lid or meltwater.
Although the ice lid does not affect the spectral albedo and transmittance very much (Figure 3 ), its impact on the energy distribution in sea ice is very important, especially on the allocation between the ice lid and meltwater. This can be explained by the IOPs of the ice lid. For downwelling irradiance, most in the NIR band is absorbed in the first few centimeters in water or ice lid because of the large absorption coefficients (Figure 2 ). For upwelling irradiance, in the open pond case half of it is reflected back at the water-air interface because of the total reflection phenomenon. Total reflection takes place also at the ice-air interface in frozen melt ponds, but more upwelling radiation can escape into the air because of scattering in ice. Scattering also benefits the energy absorption in the ice lid. For a 2-cm-thick ice lid, the amount of solar energy it absorbs is nearly half of pond water with a depth of 30 cm. The portion of energy absorbed by the underlying sea ice is only 10% (Figure 4) , which is lower than that absorbed by the ice lid when H s > 0.02 m. Anyway, with the decreasing flux internal melting slows down, and therefore, ice lid is a protective factor for the sea ice layer. An increase in the broadband albedo with ice thickness means that the energy gain of the whole lid-pondsea ice system becomes less; hence, lid formation includes a self-strengthening feedback.
Influence of the IOPs of Ice Lids
The IOPs of ice lids affect the optical characteristics of melt ponds. The visual appearance of a refreezing pond can be largely different from open ponds if the ice lid is not very transparent; that is, if it contains plenty of gas bubbles or is covered by snow. However, it is very difficult to measure the IOPs of ice lids because of their small thickness, and there are no optical measurements of ice lids available, to the authors' knowledge, except for some qualitative descriptions on visual inspections. In this study we have assumed that the IOPs of the ice lids are the same as those of the underlying ice. This is motivated by the fact that the absorption coefficient of sea ice changes within a limited range (Figure 2 ). Tests have been conducted, and the results have revealed that the influence of absorption coefficient on the melt-pond albedo and transmittance is less than 5% (Lu et al., 2016) . Therefore, we only examined the scattering coefficient of the ice lid (σ s ) to investigate its impact on the AOPs of sea ice ( Figure 5 ). The thickness of the ice lids is assigned with a default value of H s = 0.05 m. It is somewhat thicker than the most common situation in summer (2-3 cm), but still within the reasonable range of H s . Moreover, it is more likely to be an ice lid that has grown for a couple of days rather than a newly formed ice.
The values of σ s were selected from Perovich (1990) , corresponding to different media from bubble-free ice to scattering white ice. They represent the transformation of the ice lid from newly formed transparent ice, to ice containing plenty of gas bubbles, and finally to ice with a surface scattering layer appearing white (Marchenko et al., 2009) . Two kinds of snow (wet snow and dry snow) were also included for comparisons, and as representations of refreezing melt ponds with a snow cover that has been excluded from our model setup. It is clear that the AOPs of refreezing melt ponds change little as σ s < 2.5/m ( Figure 5) ; that is, the ice lid material does not matter much in this range. But the AOPs are totally different if the ponds are covered by scattering white ice or snow (cf. Figure 1c) . The gap in Figure 5a is similar with that in Figure 1d , which is attributed to the jump of σ s values from 2.5 to 120/m. We treated this in the simulation just because no ice types were defined between these limits in Perovich (1990) . However, it is possible that such kind of ice lids exists in Arctic; for example, plenty of gas bubbles are contained in the ice lid or surface scattering layer starts to form on thick ice lid after snow has been blown away.
In terms of the whole range of σ s , the variations in the AOPs due to σ s are much more pronounced than those due to H s (Figure 3a) . Variations in α λ due to increasing σ s take place over the whole spectrum ( Figure 5a ). As the ice lid type varies from bubble-free ice (σ s = 0) to white ice interior (σ s = 2.5/m), the peak value of α λ stays at 0.53, and obvious changes can only be found in the 700-to 1,000-nm band, which are similar to the variations found due to H s ( Figure 3b ). As σ s = 120/m, the peak value of α λ increases to 0.8, and differences to open melt ponds are obvious throughout the whole spectrum. The result actually agrees better with snowcovered ice and is no longer associated with meltwater below the lid. If the lid comprises cold dry snow, α λ increases further and achieves a peak value greater than 0.9, which is consistent with the values of new snow. The behavior in T λ is simple, and the changes take place in the 300-to 700-nm band as for H s (Figure 3b ). T λ peaks to 0.4 for bubble-free ice and cold blue ice, decreases to 0.15 for white scattering ice, and drops to 0.03 for cold snow (Figure 5b ). This clearly illustrates the important role of surface ice lids on melt ponds in the transmission of light into the ocean beneath ice.
The wavelength-integrated AOPs were calculated for different values of σ s (Figure 6 ). Variations are not so pronounced compared with the spectral values in Figure 5 . When σ s < 10/m, α and T are almost constant, but then α increases from 0.3 to 0.8, and T decreases from 0.2 to nearly 0. Ψ p and Ψ i decrease from 0.2 and 0.1 to 0, respectively, while Ψ s has a nearly constant value of 0.2 over the full range of σ s .
This behavior can be explained as follows. For a transparent ice lid (σ s < 10/m or σ s ·H s < 0.5), its impact on the AOPs is relatively small (Figure 5 ), and therefore, the variations are also limited. Otherwise (σ s > 20/m or σ s ·H s > 1), most of the incident radiation will be scattered back to the atmosphere, resulting in a large surface albedo and less solar energy can be obtained by the ice lid-liquid melt pond-underlying sea ice-ocean 
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Journal of Geophysical Research: Oceans system. Moreover, while an increase in the scattering coefficient of the lid enhances scattering, the absorbed energy in the lid depends on the energy entering the lid, the absorption coefficient, and thickness of the lid. These quantities change little with σ s .
Irradiance Distribution
AOPs define the allocation of solar energy absorbed in the sea ice and ocean. The details of radiative transfer must be investigated through determining the vertical distribution of the spectral irradiance in our four-layered model. Here we have assumed three different kinds of melt ponds: The different values used in cases I and II were chosen to highlight the impact of H s , while the different values in cases II and III were chosen to reveal the impact of σ s . The distributions of the downwelling and upwelling irradiances in the lid-pond-ice-ocean system in these cases were determined ( Figure 7) . The upwelling irradiance beyond the pond surface was taken as α λ ·F 0 (λ). The downwelling irradiance in the ocean was determined with Beer's absorption law after the transmitted irradiance T λ ·F 0 (λ) was known, since the Arctic Ocean can be regarded as a semiinfinite medium with a negligible scattering coefficient. The spectral distribution of F 0 (λ) is shown in Figure 2 , and the level is represented by a typical solar flux of Q sw = 100 W/m 2 in August of Arctic (Lindsay, 1998) . The distribution of the net irradiance, which is equal to the difference between the downwelling and the upwelling fluxes across the ice sheet, F net (z, λ), was also calculated. (Figures 7d and 7e) . The difference in the net irradiance distribution between cases I and II is also small and is significant only above the pond's surface (Figures 7g and 7h) .
In contrast, a scattering ice lid (case III) poses a major impact on the radiation transfer through sea ice. For the downwelling irradiance, the 5-cm-thick scattering lid works as an interlayer and prevents much of the solar radiation from reaching the melt-pond water below. The level is nearly half of that in cases I and II (Figure 7c) . A maximum of F
in the 400-to 600-nm band can be found in the upper layer of the scattering lid. This is mainly attributed to backscattered radiation from the underlying ice, which reflects back again at the air-lid interface due to the total reflection phenomenon. Upwelling irradiance is much lower in the melt pond and underlying ice than in cases I and II. However, upwelling irradiance from the lid's surface is significantly higher than in the open pond case (Figure 7f ) because most of the incident solar radiation has been scattered back before reaching the ice interior. As a result, the net irradiance under a scattering lid is quite uniform (~0.05 W · m À2 · nm
À1
) and the spectrum narrows from 400-800 nm on the pond's surface to 400-600 nm on the pond's bottom and further to 400-560 nm at the bottom of the sea ice ( Figure 7i ); all of which are different to the open pond case.
The Color of Refreezing Melt Ponds
Pond color, as sensed by human eyes, is another visual characterization of melt ponds in addition to their albedo. A colorimetric method to determine the color of a melt pond has been developed by , which transforms the upwelling spectral irradiance from the pond surface into red, green, and blue intensities in the RGB color space using color matching functions (Hunt, 2004) , so that the melt-pond color can be quantitatively evaluated. In this part of the analysis, the thickness and scattering coefficient of the ice lid are altered to examine the RGB color of refreezing melt ponds.
The RGB intensities show similar trends: all increase with increasing H s and σ s (Figures 8a-8c) , and changes appear only for σ s > 10/m. The evolution of the melt-pond colors can be clearly explained if they are presented as a function of σ s ·H s (Figure 8d) , where the RGB intensities show a strong dependence on σ s ·H s with negligible dispersions. When σ s ·H s ≪ 1, scattering in the ice lid is small; most incident radiation penetrates through the ice lid, and variations in the RGB intensities are limited (0.4-0.5). However, for σ s ·H s ≫ 1, most of the incident radiation is scattered back to atmosphere, and the intensities increase quickly with enhanced scattering in the ice lid to a maximum value of 1, which represents white color.
This behavior is more obvious in the combined RGB color (Figure 8e ). The green-blue color, defined as σ s ·H s < 1 in Figure 8e , is determined by the pond depth and underlying ice thickness. This is visually similar to ponds in Figures 1a and 1b and can be used as a basis for the color evolution. As the value of σ s ·H s increases, the pond color becomes brighter and finally appears as white, which is close to the color of snow rather than meltwater. This also agrees with field observations (Figure 1c ). More validations are desired, but 
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Journal of Geophysical Research: Oceans formal investigations on melt-pond color are rare. A detailed comparison between simulated and observed melt-pond color refers to , where quantitative measurements on the color of melt ponds covered with a newly formed ice layer (1-3 cm) by Istomina et al. (2016) were employed. Such thin ice lids pose negligible impacts on the melt-pond albedo (Malinka et al., 2018) as well as on the pond color, so the comparison was not repeated here with illustrations. A high correlation coefficient (0.744) with a significance level less than 0.01 argued for the feasibility of the RTM and the method of melt-pond color estimation . 
Discussions

Comparison of Spectral Albedo With Field Measurements
There are plenty of field measurements on the optical properties of melt ponds, and thin surface ice layers have been found even in midsummer. However, most previous publications have not given a detailed description of ice lids. For ponds covered by a scattering ice layer or snow in the autumn, it is also difficult to judge by eye whether there is an underlying liquid melt pond. Therefore, the available field measurements of refreezing melt ponds are limited, and we still use the relevant observations of Istomina et al. (2016) and the present authors conducted during the CHINARE-2016 cruise (Li, 2018) . Examples of the measured spectral albedos are shown in Figure 1d , and comparisons with simulations are shown in Figure 9 . The sky conditions during these optical measurements were reported overcast that was also assumed in the model simulations. (2017), where the melt ponds were covered by a transparent ice layer of 2 cm. (g-i) From CHINARE-2016, where the melt ponds were covered by a scattering ice layer. Wavelength-integrated albedo for measurements (α Mea ) and simulations (α Sim ) are also presented, and numbers in the brackets of g-i are the results using measured F 0 instead of the default value in Figure 2 . R is the correlation coefficient between simulated and measured spectral albedo. P is the significance level of the correlation, and ξ is the mean of relative error.
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Journal of Geophysical Research: Oceans A portable spectroradiometer, ASD FieldspecPro III, was used to obtain the optical measurements during the cruise ARK27/3 IceArc 2012 (Istomina et al., 2016) . It was directed toward the pond surface and then toward the sky, and the ratio of these two measurements, that is, the incident and emergent irradiance, gives the surface albedo. The default value of F 0 was employed in Figures 9a-9f to simulate the surface albedo using the measured values of H s , H p , and H i . At the ice stations during the CHINARE-2016 cruise, two TriOS RAMSES spectroradiometers were used concurrently to measure the spectral upwelling and downwelling irradiances upon the pond surface. The default value of F 0 was also used to simulate the spectral albedo in Figures 9g-9i although measurements of F 0 were available there. The spectral albedo does not depend on the spectral composition of the incident solar radiation in the RTM, but the wavelength-integrated albedo does, which has already been proved by Perovich (1990) and Lu et al. (2016) . A notable difference between these two cruises is that there were only thin, transparent ice layers on top of the melt ponds during IceArc 2012, and they did not affect the appearance of the melt ponds very much. However, during the CHINARE-2016 cruise, the ice lids were relatively thick and composed of refrozen snowmelt or scattering white ice, resulting in appearances that were totally different from open ponds. They were visually similar to nearby bare ice or snow and difficult to detect by eye unless a hand-held ruler was employed to find the meltwater under a relative stiff surface lid (Figure 1c ).
The simulated spectral albedo agrees with the in situ measurements in Figure 9 , and the correlation coefficients R are higher than 0.95 with a significance level P < 0.01. The maximum difference in the wavelength-integrated albedo between measurements and simulations is less than 0.05. The wavelengthintegrated albedos based on measured F 0 are also presented in Figures 9g-9i , and the difference from using default F 0 is only 0.01, again arguing for the limited influence of F 0 .
For a transparent ice lid of only 2 cm during the IceArc 2012 cruise, the surface albedo depends mainly on the pond depth H p and underlying ice thickness H i (Lu et al., 2016; Malinka et al., 2018) . Our calculations also show that the difference in the spectral albedo between H s = 0 and H s = 2 cm is negligible (<0.01), which is consistent with Figure 3b . In comparison with Figures 9a-9f , the simulated albedos agree better with the measurements during the CHINARE-2016 cruise with lower relative errors ξ than others. The surface lid was thicker and comprised snowmelt or white scattering ice, so the surface albedo no longer depends on H p and H i , but instead, it is determined by the thickness and scattering coefficient of the lid (Figures 9g-9i) . The variability in the albedo of scattering white ice and snow is indeed less than that of liquid melt ponds (Perovich et al., 2002) , partly explaining the better agreements in Figures 9g-9i than others.
Despite of the high correlation between simulated and measured melt-pond albedo, the measured and simulated lines do not overlap completely in each panel of Figure 9 . The present RTM treats the ice lid, pond water, and underlying ice as parallel layers with uniform IOPs in each layer, which is valid for thin level ice that typically has large and shallow ponds . In situ measurements on melt ponds were affected more or less by the uneven pond bottom, and the contrasts at the boundary between ponded and bare ice (Taskjelle et al., 2017) . It departs from the definition of the RTM and contributes to a higher surface albedo in measurements as comparing with the results of the parallel-layered model. Another possible explanation comes from the IOPs of sea ice and water because the impact of F 0 is minimal, among which the scattering coefficient is homogeneous over the whole spectrum and then the absorption coefficient k λ is the primary reason for the mismatch along wavelength. It is true because impurities such as chlorophyll and black carbon, in sea ice and meltwater, are not considered in the present RTM, which tend to increase the absorption to incident radiation and then reduce the measured surface albedo but mainly in the visible band (Perovich, 1996) . The two opposite impacts dominate the discrepancy between simulations and measurements. In six of all nine panels of Figure 9 , the simulations underestimated the melt-pond albedo in the NIR band and overestimated them in the visible band, consistent with the contributions from both sides.
Heat Balance of Melt Ponds
The formation of an ice lid on top of a melt pond is controlled by the surface heat balance. A simple model, similar to that of Leppäranta et al. (2016) , can be employed to investigate this problem. Melt pond heat balance is governed by the net air-ice heat flux Q a and absorption of solar radiation in the liquid meltwater Q p :
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where ρ w is the density of water, L is the latent heat of freezing, and t is the time. The temperature of the pond is assumed to be at the freezing point, so that any nonzero heat flux changes the pond's volume. In equation (1) it is assumed that heat flux through the bottom of the pond can be neglected.
First, let us assume that the pond's surface is open. If Q 0 = Q a + Q s > 0, where Q s is the surface layer absorption of solar radiation, the surface is kept open and the pond deepens as given by equation (1). Otherwise, Q 0 < 0, the pond freezes over and a surface ice layer forms. We may simplify the case so that the surface balance is used for ice formation and the sunlight absorbed by pond water is used to deepen the pond. The surface ice layer thickness, H s , and melt pond depth H p are then
where ρ i is the density of sea ice. Once begun, the surface ice layer thickness develops according to equation (2a) until it returns to 0. Then we return to equation (1) and stay as long as the surface heat balance is positive, and so on. The positive albedo feedback mechanism adds to the stability of the open water and ice cover states. Due to convection, the solar heat absorbed by the liquid water melts the pond's bottom, and the deeper the melt pond the more solar energy it absorbs. When the surface ice layer becomes thicker than 10 cm, the conduction of heat through it needs to be considered.
The net air-ice heat flux Q a includes the latent heat, sensible heat, and net longwave radiation. Previous in situ observations have shown that it ranges from À75 to 25 W/m 2 in the Arctic summer depending on the air temperature, humidity, cloudiness, and wind speed (Hudson et al., 2013) . A typical summer value measured at Surface Heat Budget of the Arctic Ocean (SHEBA) station was À25 W/m 2 (Huwald et al., 2005) . When evaporation/sublimation is strong it may reach as low as À100 W/m 2 , while for thick clouds and low evaporation/sublimation it is close to 0, and it becomes positive only with the presence of warm air well beyond the freezing point. Metrological measurements from the ice stations of CHINARE-2016 reveal that the 2-mheight air temperature was always below 0°C, and all air-ice fluxes were negative (Li, 2018) .
In most sea ice models, Q s and Q p are determined using Beer's law of radiative transfer together with a surface transmission parameter γ, which defines the fraction of solar radiation that penetrates the surface layer of negligible thickness:
where α λ and α λ,b are the spectral albedo of pond's surface and bottom, respectively. However, they can also be determined more precisely using a RTM, namely, Q s = Ψ s ·Q sw and Q p = Ψ p ·Q sw , as shown in Figure 5 .
Assuming initial conditions of H s = 0, H p = 0.3 m, and H i = 1.0 m, the fractional solar energy absorption (Ψ s and Ψ p ) was calculated with the RTM, and then the evolution of ice lid thickness and pond depth 
Journal of Geophysical Research: Oceans were determined using equations (2a) and (2b). As H s and H p change, Ψ s and Ψ p will change accordingly.
To maintain mass conservation, we assume (H s + H i )·ρ i + H p ·ρ w = constant. That is, the drainage of meltwater into the ocean and basal melt of sea ice was not considered to emphasize the influence of surface melting on sea ice. For Q sw = 100 W/m 2 and Q a = À75 and À 25 W/m 2 , the results are shown in Figure 10 .
The iterations in Figure 10 were stopped for H s = 0.1 m because heat conduction in the ice lid is ignored in the model. The surface heat balance is Q 0 < 0 in both cases, so the ice lid grows according to equation (2a) Comparisons of the results reveal that the net air-ice heat flux Q a is sensitive to the growth rate of the ice lid, which further determines the energy partitioning in the sea ice. Although the heat balance model is mathematically simple, it is enough to show qualitative implications and highlight the role of solar radiation in the refreezing melt ponds. A more realistic model of refreezing melt ponds will consider more factors, such as daily variations in F 0 (λ) and Q a , heat conduction in ice, and salinity and temperature variations in the sea ice (Flocco et al., 2015) .
Conclusions
A RTM composed of four plane-parallel layers (an ice lid, liquid melt pond, underlying ice, and ocean beneath ice) was employed to study the influence of the ice lid on the optical characteristics of melt ponds. With predefined IOPs of meltwater and ice, the variations in the AOPs, solar energy partitioning, irradiance distribution, and color of refreezing melt ponds were investigated.
An increase in the thickness of a transparent ice lid introduces limited changes in the spectral albedo α λ and transmittance T λ , and the changes are notable only at certain wavelengths. For a commonly encountered 2-to 3-cm-thick ice lid in Arctic summer, its impact on AOPs of sea ice can be neglected, agreeing with Malinka et al. (2018) . Every 5-cm increase in H s will reduce T λ by 0.01 in the 300-to 700-nm band; and in an extreme case, a 20-cm-thick ice lid can increase α λ by 0.1 in the 700-to 900-nm band (Figure 3 ). In contrast, the scattering coefficient of the ice lid σ s has a more pronounced impact compared with H s . Variations in T λ due to σ s take place only in the visible band, and the variations in α λ due to σ s are complex ( Figure 5 ). The results indicate that an ice lid with scattering white ice or snow can make the melt-pond albedo no longer associated with the meltwater below.
The roles of H s and σ s change significantly as concerning the energy partitioning in sea ice. An ice lid with thickness of H s = 0.02 m absorbs 13% of the incident solar energy, which is half of that absorbed by the 0.3-m-deep meltwater below the ice lid (Figure 4 ). The sum of them roughly equals the fraction absorbed by the melt ponds if the ice lid is removed. This arises because a surface ice lid with only a few centimeters thick can absorb most of the incident solar radiation in the NIR band, which is absorbed by meltwater in an open pond case. The influence of σ s on energy partitioning in sea ice become important only when σ s > 20/m (or σ s ·H s > 1). Along with enhanced backscattering to the atmosphere, the portion of solar energy absorbed by the melt pond, underlying ice, and ocean beneath the ice all decrease with increasing σ s , but the absorption by the ice lid stays constant at 20% (Figure 6 ). This is because scattering in the lid affects the albedo of freezing ponds, but the thickness of the lid determines the solar energy absorbed by the lid.
Three cases comprising of melt ponds with open surfaces, with transparent ice lids, and with scattering ice lids, were employed to investigate the difference in the vertical distributions of the spectral irradiance. The difference in the radiation distribution between an open melt pond and a refreezing melt pond with a transparent ice lid is minimal, with relative errors less than 2% in both pond and underlying ice. In contrast, the difference between an open melt pond and a refreezing melt pond with a scattering ice lid is much more pronounced, with relative errors up to 50% in pond and 60% in sea ice (Figure 7 ). The scattering ice lid limits the penetration of solar radiation into the melt pond and deeper ice, where the downwelling irradiance is only half of that in the open pond case. The upwelling irradiance is also much lower than that in the open pond case, except for significantly higher values above the ice lid due to strong surface scattering.
The color of refreezing melt ponds depends on the dimensionless number σ s ·H s . When σ s ·H s < 1, scattering in the ice lid is small and most incident radiation will penetrate to melt pond below. The variations in the RGB intensities are limited within 0.4-0.5, and the pond color appears green-blue. For σ s ·H s > 1, most incident radiation will be scattered back to the atmosphere, all intensities increase quickly with enhanced scattering in the ice lid to the maximum value 1, and the color appears white (Figure 8 ). During the field campaigns, a few refreezing melt ponds appeared greyish in summer, which is not represented clearly in Figure 8e but can be interpreted by Figure 8d . As 5 < σ s ·H s < 10, the red, green, and blue intensities approach an equilibrium of approximately 0.7, producing a gray color.
Validations of the present model with some limited available field measurements on the optical properties of refreezing melt ponds were also conducted. The agreement seen between the simulated and measured spectral albedos argues for the feasibility of our model. Moreover, the calculations of melt ponds with a thin transparent ice lid produce a spectral albedo similar to that of open ponds, with relative errors less than 5%.
The results of melt ponds with a scattering ice lid show a spectral albedo close to that of snow or bare ice (Figures 9g-9i ), which again highlights the importance of scattering in the lid to the surface albedo. Discrepancies between the simulated and measured spectral albedo were also found, possibly attributed to two factors with opposite impacts. One comes from the influence of adjacent bare ice or snow during optical measurements of melt ponds, resulting in underestimations in simulated albedo using a parallel-layered model. Another comes from the exclusion of impurities absorption in sea ice and meltwater, contributing to overestimations in simulated albedo especially in the visible band.
A heat balance model of a refreezing melt pond, which considers a constant incident solar radiation Q sw and net air-ice heat flux Q a , was employed to investigate the evolution of the ice lid and melt pond. The ice lid grows 5 times faster from 0-to 10-cm thick in an extreme case of Q a = À75 W/m 2 than in a typical case of Q a = À25 W/m 2 ( Figure 10 ). Along with thickening of the ice lid, H p increases by 3 cm and H i decreases by 15 cm in the former case, while H p increases by 16 cm and H i decreases by 31 cm in the latter case. This reveals the strong sensitivity of the growth rate of the ice lid on the net air-ice heat flux.
This study aims at a quantitative criterion to judge if we can ignore the influence of the ice lid on pond surfaces in optical investigations. Finally, we return to the question. We have precluded the influence of snow accumulation because its effect on melt-pond albedo of course cannot be neglected. Additionally, the influence of an optically thin ice lid (σ s ·H s < 0.5) on the measurements of melt-pond albedo is negligible, and the error from ignoring the ice lid increases obviously for optically thick ice lid (30% for σ s ·H s = 1, and 100% for σ s ·H s = 5). That is, in the Arctic summer, the influence of newly formed ice lids can be ignored accordingly because they are always transparent and their thickness can seldom exceed 20 cm (e.g., Malinka et al., 2018) . But if a scattering surface layer forms on an old ice lid (e.g., Bogorodsky et al., 2006) or plenty of gas bubbles are contained, its influence on the melt-pond albedo is significant even if the lid thickness is only a few centimeters. During field observations, an accurate estimation on the scattering coefficient of the ice lid is difficult, and this criterion can be roughly applied if combining with visual inspections on the melt-pond color: the ice lid that does not change the pond color very much as compared with open ponds can be ignored, and vice versa. However, care should be taken concerning the energy budget in ponded sea ice rather than albedo and transmittance. Even a slim ice layer on top of a melt pond can introduce notable differences in the absorbed energy by melt pond and sea ice, which cannot be ignore for calculations of ice melt or growth. During the melt season, melt ponds are a heat source, which enhance the rate of ice melt. Moreover, for the autumn season it can store some heat, which prevents the growth of sea ice both above and below it. A thorough understanding of the effect of melt ponds on Arctic sea ice decay necessitates the consideration of both open melt ponds and refreezing melt ponds.
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